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Abstract— Multipath is among the major sources of errors in 
precise positioning using GPS and continues to be extensively 
studied. Two Fast Fourier Transform (FFT)-based detectors are 
presented in this paper as GPS multipath detection techniques. 
The detectors are formulated as binary hypothesis tests under the 
assumption that the multipath exists for a sufficient time frame 
that allows its detection based on the quadrature arm of the 
coherent Early-minus-Late discriminator (QEmL) for a scalar tracking loop (STL) or on the quadrature (QEmL) and/or in-phase arm (IEmL) for a vector tracking loop (VTL), using an observation window of N samples. Performance analysis of the suggested 
detectors is done on multipath signal data acquired from the 
multipath environment simulator developed by the German 
Aerospace Centre (DLR) as well as on multipath data from real 
GPS signals. Application of the detection tests to correlator 
outputs of scalar and vector tracking loops shows that they may 
be used to exclude multipath contaminated satellites from the 
navigation solution. These detection techniques can be extended 
to other Global Navigation Satellite Systems (GNSS) such as 
GLONASS, Galileo and Beidou. 
  
Index Terms—GPS, multipath detection, FFT-based detector, 
tracking error, scalar tracking loop, vector tracking loop. 
I. INTRODUCTION 
Multipath remains one of the major sources of errors in 
precise positioning using the Global Positioning System 
(GPS) and all other Global Navigation Satellite Systems 
(GNSS). GPS pseudorange measurements can be severely 
compromised by multipath signals because these signals 
destroy the correlation function shape used for time delay 
estimation. Recently, several signal processing techniques 
have been developed to deal with errors induced by multipath 
signals in a GPS receiver. Three categories of techniques can 
be distinguished. The first category relies on detection of 
multipath using statistical detection methods [1]. No 
mitigation is performed but the satellite whose line-of-sight 
(LOS) signal is absent or severely affected by secondary paths 
is excluded from the navigation solution. Examples of 
methods that fall under this category are the Early Late Phase 
(ELP)-based detection [2] [3], the ANOVA-based detection 
[4], detection based on analysis of SNR fluctuation [5], 
detection based on code minus carrier delta-range 
measurement [6]. The ANOVA method requires a multi-
antenna receiver (physical or logical antenna array). With the 
SNR-based method, the fluctuations occur with a periodicity 
of 1.5 to 20 minutes for GPS satellites, which requires the 
multipath detection test to be set over long periods of time (10 
minutes in [5]) therefore delaying multipath detection. The 
second category of techniques modifies the receiver tracking 
loop to make it resistant to multipath signals. Under this 
category fall the Narrow Correlator [7], the Edge Correlator 
[8], the Strobe Correlator [8], the High Resolution Correlator 
(HRC) [9], the Gated Correlator [10], the Multipath 
Elimination Technology (MET) [11], and the A-Posteriori 
Multipath Estimation (APME) Technique [12]. The third 
category relies on joint detection and estimation of the line-of-
sight (LOS) and/or multipath signal parameters (amplitude, 
delay and phase) using statistical estimation methods [13]. It 
includes the Multipath Estimating Delay Lock Loop 
(MEDLL) [14], the Modified RAKE Delay Lock Loop 
(MRDLL) [15], the Multipath Mitigation Technology (MMT) 
[16], the Vision Correlator (VC) [17], the Fast Iterative 
Maximum-Likelihood Algorithm (FIMLA) [18], 
Deconvolution Approaches [19] [20], and Frequency Domain 
Processing [21] [22]. 
The techniques suggested by this paper are multipath 
detection techniques. They are suitable for a mono or multi 
antenna receiver and the time delay before multipath detection 
is significantly small (between 30 ms and 1 sec) compared to 
the technique in [5]. No multipath mitigation is performed. 
Instead, these detection techniques may be used to exclude 
multipath affected satellites from calculation of the position, 
velocity, and time (PVT) solution. In fact, multipath estimation 
techniques, especially those based on frequency domain 
processing, may present a high computational burden 
compared to multipath detection techniques. And the fact that 
many satellite constellations can now be jointly used to obtain 
the PVT solution in one GNSS receiver, excluding multipath 
contaminated satellites instead of spending computational 
resources to mitigate multipath can sometimes be a more handy 
approach. The detectors avoid the additional computational 
burden of multipath parameters estimation but still incur the 
computational cost of Fast Fourier Transform (FFT) 
calculation. The detection tests are proposed for both scalar and 
vector tracking loops (STL and VTL). The detectors 
indications can also be used to switch between STL and VTL 
tracking modes. The detectors are based on correlator outputs, 
meaning that the test metrics are defined using correlator 
outputs. For a scalar tracking loop (STL) utilizing a coherent 
Early-minus-Late (EmL) discriminator, the EmL correlation 
output is directly used in the detectors metrics. Indeed, for a 
STL, depending on the relative phase of the multipath signal, 
the presence of multipath increases the signal power on the 
quadrature arm of the EmL correlation point (QEmL) compared 
to the power that is usually observed in the absence of 
multipath. This increase in signal power is used to detect 
multipath with the specification of a proper threshold. For a 
vector tracking loop (VTL) using the coherent EmL 
discriminator, both the in-phase and quadrature arms of the 
EmL correlation outputs are utilized in the detectors metrics. In 
fact, for a VTL, the increase in signal power due to the 
presence of multipath may occur on the in-phase arm (IEmL) 
and/or on the quadrature arm (QEmL) of the EmL correlation output depending on the delay and phase of the multipath 
signal. The tracking scheme used in this paper is a vector delay 
frequency locked loop (VDFLL) assisted by a scalar phase 
locked loop (PLL), with the possibility to switch to a scalar 
delay locked loop (DLL) and a frequency-assisted phase 
locked loop (FPLL). 
The rest of the paper is organized as follows. Section II 
presents the multipath model that was used to theoretically 
assess the performance of the proposed detection techniques 
before applying them to DLR multipath data and real GPS 
multipath signal data. Section III explains the link between 
correlator outputs and multipath detection. In section IV, the 
detection approach used for each detector is described in detail. 
Experimental results are provided in section V and section VI 
gives concluding remarks. 
II. MULTIPATH MODEL AND CORRELATOR OUTPUTS 
If a specular multipath model with a finite number of 
multipath signals is considered, the signal entering the code 
and phase loop, neglecting the low rate data, is expressed as: 
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where L is the number of multipath signals, 0A and lA  are 
the line-of-sight (LOS) and thl multipath amplitudes 
respectively, )(tC is the spreading code, 0 , l , 0 , l are the 
time and phase delays induced by the transmission from 
satellite to receiver for the LOS and thl multipath signals 
respectively, and  is the nominal GPS L1, L2 or L5 
pulsation and )(tw is the zero-mean additive white Gaussian 
noise with variance 2 .The signal at the output of the prompt 
correlator at an instant of time is therefore: 
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where R is the correlation function,   is the error between 
the LOS signal delay and the estimated code replica delay, 
 is the error between the LOS carrier phase and the 
estimated  carrier replica phase, l  is the delay of the thl
multipath with respect to the LOS, l is the phase shift of the 
thl multipath with respect to the LOS, and Pw is the post-
correlation noise. For the rest of the paper a one-path specular 
multipath model is used. In fact, it can be assumed that all 
reflected signals have the same frequency and combine into a 
single effective multipath. In that case, the signal entering the 
code and phase loops can be expressed as: 
 )()cos()(
)cos()()( 000
twttCA
ttCAtx
MMM 


          
where the subscript M refers to the multipath resulting from a 
vector sum of all multipath signals in presence. The multipaths 
with a different frequency would contribute to an increase in 
noise power. Thus, the in-phase and quadrature outputs of the 
prompt correlator in the presence of a specular multipath, at an 
instant of time, are: 
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Similarly, the Early and Late in-phase and quadrature 
correlator outputs are given by: 
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where d is half the Early-Late chip spacing d2  10  . 
The EmL in-phase and quadrature outputs are obtained by 
subtracting Eq.from Eq. 
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For a locked VTL, it can be assumed that 0 , which 
implies that 0)()(  dRdR   as well. The EmL in-
phase and quadrature outputs in this case are: 
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While for a STL, the quadrature arm of the coherent EmL 
discriminator output (7b) is used in the detectors metrics that 
are described in section IV; for a VTL, the modulus of the 
complex output of the coherent EmL discriminator is used, i.e. 
the in-phase and quadrature EmL outputs (8a and 8b) are 
taken into account.  
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III. CORRELATOR OUTPUTS AND MULTIPATH DETECTION  
A careful analysis of GPS correlator outputs in the absence 
and in the presence of multipath can lead to the design of 
multipath detection techniques.  
In the absence of multipath, the in-phase prompt correlator 
output carries the LOS signal power. In the presence of a 
multipath (MP) signal, the prompt correlator output is 
composed of the sum of the LOS and MP signals and the STL 
locking point is adjusted to this sum. As the tracking loop 
constantly seeks to bring the quadrature prompt power to zero, 
the quadrature prompt output will have part of the LOS + MP 
signal power only for a short transient time following MP 
arrival then will get back to zero, unless the MP signal is in 
phase or opposition of phase with the LOS signal. 
The situation in the presence of multipath is different 
however for early and late correlator outputs and consequently 
for in-phase EmL and quadrature EmL outputs as can be 
observed in Fig. 1 for the STL and in Fig. 2 for the VTL. For 
the STL, in the presence of multipath, the signal energy in the 
quadrature arm of the EmL correlator output during transient 
and steady-state times following multipath arrival is 
significantly higher than in the absence of multipath, unless the 
MP signal is in phase or opposition of phase with the LOS 
signal. In the absence of multipath, only noise is observed on 
the quadrature EmL output.  
Figure 1 represents the QEmL output with a reduced number of oscillations in order to show the oscillatory nature of the 
EmLQ  output within the envelope. Instead of 1575 cycles per 
C/A code chip for GPS L1, 25 cycles per C/A code chip are 
considered. The figure shows that the QEmL output is zero for some multipath phase values even in the presence of multipath. 
More specifically, the QEmL output is zero when the multipath 
signal is in phase (  3600 kM  ) or opposition of phase 
(  360180 kM  ) with the LOS signal, with k being an 
integer. Except for those phase values, the QEmL output in the 
presence of multipath oscillates along the different multipath 
delay values between a maximum and a minimum which 
depend on the multipath to LOS amplitude ratio   and on the 
Early-Late correlator chip spacing  .  These multipath phase 
values (  3600 kM  and  360180 kM  ) correspond to 
multipath delay values 1/ LcM fnR  and 
1/)5.0( LcM fRn  , with n  an integer, if multipath phase 
is related to multipath delay using CMLM Rf /2 1  , i.e. if it is 
assumed that the multipath phase is only due to the differential 
path delay. In general, at the moment of reflection or 
diffraction, the multipath signal undergoes a relative phase M
that can be modelled using the differential path delay and 
reflector and antenna parameters [23] or else assumed random 
[24]. For the VTL, both the EmLI  and EmLQ  outputs increase in 
signal power in the presence of multipath as shown in Fig. 2 
and when EmLQ  is at zero, EmLI  is not and vice versa. This 
means that for all multipath phase or delay values, the absolute 
value 22 EmLEmL QIEmL  increases in amplitude in the 
presence of multipath. 
 Fig. 1.  IEmL and QEmL amplitudes vs. Multipath delay for STL in lock (reduced 
oscillations). 
 Fig. 2.  IEmL, QEmL and |EmL| amplitudes vs. Multipath delay for VTL in lock 
(reduced oscillations). 
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IV. FFT TEST FOR MULTIPATH DETECTION 
A. Detection Test on Scalar Tracking Loop (STL) 
A binary hypothesis test can be defined as follows for an 
observation window of N samples and of initial index n0: 
 
H0: QEmL (n) = wQ,EmL  
H1: QEmL (n) = s(n) + wQ,EmL , with n ϵ {1, …, N } + n0 
 
In other terms, under hypothesis H0, no signal is present on the 
EmLQ  output, only noise is observed which implies that no 
multipath signal is present; whereas under hypothesis H1 a signal s(n) plus noise are observed, which implies the presence 
of multipath. The QEmL post-correlation noise term wQ,EmL is 
zero-mean white Gaussian with variance 2 .The problem is 
to decide for H1 or H0 from QEmL, i.e. to decide whether s(n) is present or not. Two frequency-domain MP detectors are 
suggested.  
 
1) STL-MP Detector I 
First, the standard Fast Fourier Transform (FFT) detector 
[1] [25], used in the sonar and radar systems, which detects 
the presence of a signal in the frequency domain is applied to 
GPS MP detection. This detector computes the periodogram 

N
mnjNn
nn
EmLEmL
EmL
enQmQ
wheremQ
N
m
21
2
0
0
)()(
)(1)(




         
)(mQEmL is the discrete Fourier transform of )(nQEmL and is 
implemented via an N -point FFT algorithm. The detector 
subsequently chooses the largest value of )(m , normalizes it 
with the maximum likelihood estimate (MLE) of noise 
variance 2ˆ  and then compares the result against a threshold
 . The detection test to decide for H0 or H1 is therefore 
formulated as:   
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Detector I is optimum if s(n) is a sinusoid. This sinusoid may 
have unknown amplitude, phase and frequency, but optimality 
requires the frequency to be a bin frequency, i.e. to be equal to 
N
m2 , with m  being an integer [25]. Optimum detection entails 
that for a given probability of false alarm (PFA), the detector 
gives the maximum probability of detection (PD). 
 
The detection threshold is  
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with  cdf  being the cumulative distribution function of the 
standard normal distribution, 1cdf  the inverse cumulative 
distribution function, and PFA the probability of false alarm. 
The values of PFA and N have a great impact on the 
performance of Detector I, and there is a trade-off between 
obtaining a high detection capability or a low false alarm rate. 
Increasing the value of N and/or PFA improves the detection 
capability of Detector I in theory. However, in practice, 
increasing the value of N delays the instant, after system 
initialisation, when the multipath is detected, and increases the 
complexity of the N -point FFT computation. On the other 
hand, increasing PFA may result in many false detections and 
this may not be beneficial if the objective is to exclude the 
multipath contaminated satellites from the navigation solution. 
One might wind up with fewer satellites than needed to 
compute the PVT solution. If N is assumed sufficiently large 
( 32N ), the probability of detection (PD) is given by [1]: 
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where SNR is the post-correlation signal to noise ratio of the 
QEmL output and is given by 2
2
2
NASNR  This PD depends on 
the chosen PFA, on the amplitude A  of the signal s(n) on the 
QEmL output, and on the noise power on that output. This noise 
power is given by  rKn  122   [7]where Sn fN02  is 
the thermal noise power ( 0N and Sf are noise spectral density 
and baseband sampling frequency respectively), K is the 
number of correlation points, and dr 21 is the level of 
correlation between the Early and Late outputs. Taking, in Eq. 
(7b), 0AAM   the amplitude A=s(n) is given by 
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)(sin0 fTcKCA   with C the LOS power before correlation, 
T the coherent integration time ( STfK  ) and f the error 
between the LOS carrier frequency and the estimated carrier 
replica frequency. The post-correlation SNR at the QEmL output has thus the following expression linking it to the C/N0: 
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 Figure 3 illustrates the probability of detection (PD) given 
different PFA values for different values of SNR It can be 
observed that a high SNR value increases PD and 
theoretically the performance of Detector I. 
 
Fig. 3.  Probability of multipath detection versus PFA for different SNRs 
(Detector I) 
2) STL-MP Detector II 
The second MP detector computes an FFT on blocs of 
1024 samples at the frequency of correlators. In practice, this 
1024-point FFT is a very complex calculation, but for the 
simplicity of algorithm description, it is chosen. The obtained 
frequency resolution is ~1 Hz for a coherent integration time 
of 1 ms. A power spectral density (PSD) estimator is then 
derived from the FFT bloc output for |f| 500 Hz. A 
periodogram can be used as a PSD estimator. This PSD 
estimator allows the search for s(n) signal frequency in the 
zone of interest, by measuring the signal power using a sliding 
window of length 3. More specifically, this PSD estimator 
makes it possible: 
 To estimate the noise power by summing samples of the 
spectral density for |f| > 200 Hz. 
 To estimate the power of the signal by summing samples 
of the spectral density for |f| < 200 Hz. 
 To estimate a signal to noise power ratio and compare it 
against a threshold  .  
Detector II algorithm can therefore be summarized as follows: 
 Compute 1024-point FFT on blocs of 1024 samples at the 
frequency of correlators 
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 Derive a periodogram (PSD estimator) for |f| 500 Hz. 
Letting m  denote the frequency f, 
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 Decide for H0 or H1 using the following test:   
     
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where )ln(PFA  is the detection threshold. The 
probability of detection (PD) is given by [1]: 
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where CDF is the cumulative distribution function of the non-
central chi-squared distribution with 2 degrees of freedom and 
non-centrality parameter 2
2
2
NASNR  . SNR is the post-
correlation signal-to-noise ratio. Figure 4 displays Detector 
II’s probability of detection (PD) given different PFA values 
for different values of SNR  
 
Fig. 4.  Probability of multipath detection versus PFA for different SNRs 
(Detector II) 
B. Detection Test on Vector Tracking Loop (VTL) 
A binary hypothesis test can be defined as follows for an 
observation window of N samples and of initial index n0: 
 
H0: EmL (n) = wEmL 
H1: EmL (n) = s(n) + wEmL , with n ϵ {1, …, N } + n0 
 
The detection test to decide for H0 or H1 is formulated as: 
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where )ln(PFA  is the detection threshold, and SNPR  is 
obtained as in the test for STL-MP Detector II except that the 
periodogram is calculated for  22 )()()( nQnInEmL EmLEmL   and not for )(nQEmL . In other 
words,  
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V. RESULTS 
A. DLR Multipath Environment Simulator Data 
The DLR multipath environment simulator has been 
developed by The German Aerospace Center (German: 
Deutsches Zentrum für Luft- und Raumfahrt), abbreviated 
DLR.  This DLR simulator generates signals that have the 
characteristics of GNSS signals collected in semi-urban and 
urban environments for a fixed-point, a moving person or a 
moving vehicle. These synthesized signals have the specific 
purpose of providing a tool for multipath study and analysis. 
They are manipulated then fed to the input of the code and 
carrier tracking loops in Matlab. These synthesized signals 
with the variety of multipath environment scenarios that they 
represent are used to evaluate the validity of the proposed 
detection techniques.  
Some scenarios involve a vehicle moving parallel to the 
buildings in an urban environment and a vehicle moving in an 
unconstrained (open sky) environment.  These are analysed in 
Figures 5 to 14. Figures 5, 7, 9, 11 and 13 depict the 
parameters (amplitude, phase and delay) of the different signal 
paths (LOS and/or multipath) for the scenarios and channels 
under study. Amplitude values are normalized, with the LOS 
amplitude having a maximum value of 1 (0 dB). The LOS 
amplitude is represented in blue in all figures depicting 
parameters throughout the paper. The LOS phase and delay 
parameters are represented either in blue or cyan colour. Both 
Detectors I and II perform successfully as illustrated by 
figures 6, 8, 10, 12 and 14. Figure 5 through the displayed 
amplitude, phase and delay parameters shows the presence of 
many multipath signals apart from the LOS signal for a 
channel (labelled Channel 1) tracking a satellite in STL mode 
for a duration of 60 seconds. Figure 6 shows the detection 
tests results for that channel. For simplicity of performance 
comparison between the two detectors, a sliding window of 
N=1024 samples and PFA values of 10-4 (Detector I) and 10-2 
(Detector II) are used to calculate the test metric values and 
set the detection thresholds. The test metric values go above 
the defined thresholds meaning that the presence of multipath 
is detected for both Detectors I and II. The signal power 
observed on the QEml arm whose magnitude is higher than the signal power that would be observed in the absence of 
multipath (see Fig. 12 for comparison) also confirms the 
presence of multipath.  In fact, in the absence of multipath, 
only noise is observed on the QEmL arm. It is important to mention that for faster MP detection (after system 
initialisation) and lower computation complexity, smaller 
values of N such as N = 32, 64, 128, 256 can be used for 
Detector I, some without compromising the detection 
capability in low SNR scenarios. N=1024 is used with 
Detector II for the sake of obtaining a frequency resolution of 
~1 Hz, but again smaller values of N may be used with some 
risk of reduced detector performance. 
Two other scenarios from the DLR multipath environment 
simulator are defined to allow multipath to appear first around 
the 30th tracking second (see Figures 7 and 8 for STL - Channel 
7 and Figures 13 and 14 for VTL - Channel 1) and then around 
the 20th tracking second (see Figures 9 and 10 for STL - 
Channel 9). The detectors perform as expected. The test metric 
values start below threshold for the 30 (respectively 20) 
tracking seconds where only the LOS signal is present then go 
above threshold around the 30th (respectively 20th) second and 
the rest of the time. This is in accordance with the signal power 
increase on the QEmL arm (STL case) and the increase in the absolute value of EmL (VTL case) which also occur around the 
30th (respectively 20th) tracking second. Figures 11 and 12 are a 
case of a moving car in an unconstrained environment (open 
sky) and the tracking mode is STL. The test metric values 
remain below the thresholds for both Detectors I and II, 
meaning that no multipath is detected as expected. The signal 
power on the QEmL arm remains minimal (made of noise only), which confirms the absence of multipath.  
Figures 15 through 20 illustrate detection test results for a 
pedestrian moving in an urban environment.  Figures 15, 16 
and 17 show the case of a channel that is severely affected by 
multipath. At time intervals where the LOS signal power is so 
weak compared to multipath signals power or where the LOS 
is absent, the detection tests in STL tracking mode fail to detect 
the presence of multipath as attested by observing Fig. 15 and 
Fig. 16. In fact the STL loses track, as can be confirmed by the 
delay and phase lock indicators in Fig. 21, which renders the 
detection tests useless. Figure 17 shows that the VTL manages 
to keep tracking the signal on the same severely affected 
channel in Fig. 15 even at the time intervals where the LOS 
signal is absent or has very weak power. Detector II test on the 
VTL even manages to succeed in detecting multipath where it 
couldn’t with the STL tracking mode. This result is consistent 
with the VTL tracking robustness in multipath environments 
compared to the STL. The same phenomenon is observed on 
Fig. 18, 19 and 20. Again a severely affected channel as shown 
by the parameters displayed in Fig. 18 is studied. The detection 
tests performed on the STL fail to detect multipath as shown in 
Fig. 19. The channel is severely affected to the point of having 
the STL diverge, and even lose lock, making the detection tests 
unusable. Once more the VTL manages to keep tracking the 
signal on the channel and to detect multipath as illustrated in 
Fig. 20.  
 Fig. 5.  Moving vehicle - urban environment, STL, Chan1. 
 Fig. 6.  Moving vehicle - urban environment, STL, Chan1, PFA=10-4 
(Detector I), PFA=10-2 (Detector II). 
 Fig. 7.  Moving vehicle - urban environment, STL, Chan7. 
 Fig. 8.  Moving vehicle - urban environment, STL, Chan7, PFA=10-4 
(Detector I), PFA=10-2 (Detector II). 
 Fig. 9.  Moving vehicle - urban environment, STL, Chan9. 
 Fig. 10.  Moving vehicle - urban environment, STL, Chan9, PFA=10-4 
(Detector I), PFA=10-2 (Detector II). 
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 Fig. 11.  Moving vehicle – open sky environment, STL, Chan1. 
 Fig. 12.  Moving vehicle – open sky environment, STL, Chan1, PFA=10-4 
(Detector I), PFA=10-2 (Detector II). 
 Fig. 13.  Moving vehicle - urban environment, VTL, Chan1. 
 Fig. 14.  Moving vehicle - urban environment, VTL, Chan1, PFA=10-4 
(Detector II). 
 Fig. 15.  Moving pedestrian - urban environment, Chan4. 
 Fig. 16.  Moving pedestrian - urban environment, STL, Chan4, PFA=10-4 
(Detector I), PFA=10-2 (Detector II) 
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 Fig. 17.  Moving pedestrian - urban environment, VTL, Chan4, PFA=10-4 
(Detector II) 
 Fig. 18.  Moving pedestrian - urban environment, Chan5. 
 Fig. 19.  Moving pedestrian - urban environment, STL, Chan5, PFA=10-4 
(Detector I), PFA=10-2 (Detector II) 
 Fig. 20.  Moving pedestrian - urban environment, VTL, Chan5, PFA=10-4 
(Detector II) 
 Fig. 21.  Moving pedestrian - urban environment, STL, Chan4, Lock 
Indicators 
 
B. Real GPS Signals Data 
In this section, the performance of one of the proposed 
multipath detection techniques, Detector I, is also evaluated on 
real GPS signals collected in urban, semi-urban, and foliage 
environments, for a STL. Digitized signals from the radio 
frequency (RF) front-end of different GPS receivers are used. 
A receiver with a high gain antenna provides signals with high 
carrier to noise ratio (C/N0). A high C/N0 results in a high post-correlation SNR which increases the probability of 
multipath detection (PD) and theoretically the performance of 
Detector I as demonstrated in section IV, Fig. 3. The receivers 
are calibrated to generate digitized signals at different 
Intermediate Frequencies (IF). Signals that are digitized with 
different sampling frequencies (fs) are used. The acquisition, code and carrier tracking algorithms, as well as the proposed 
detection algorithm are implemented using these signals in 
Matlab. The coherent integration time used during tracking for 
all signals is 1ms. This means that if a sliding window of 
N=64 samples is used to set the detection test, 64ms time 
delay results before detection just after system initialisation. 
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With the signals synthesized by the DLR multipath simulator, 
it is possible to control at what instant during tracking the 
multipath signals can be superimposed on the LOS signal. But 
with real signals, this is not possible as the provided digitized 
signal is a mixture of the LOS and multipath signals already. 
The signals were just collected in environments that are prone 
to generate multipath contaminated signals.  
Figures 22 to 24 are a case of a moving vehicle in a heavy 
foliage environment, where the detection test threshold is set 
with PFA=10-1, PFA=10-3 and PFA=10-5. The tracking mode is 
scalar (STL). A tracking duration of 20 seconds is studied. This 
is a case of a weak signal (low C/N0).  The probability of multipath detection with a low PFA is low for a low post-
correlation SNR. Figure 24 represents the same channel as Fig. 
22 but compares the signal power on the quadrature arm of 
EmL with that of the in-phase prompt arm. The figures show 
that PFAs of 10-3 or 10-5 (which are appropriate PFA values to 
avoid false detections) fail to detect multipath on channels 1 
and 2 which are tracking the GPS satellites SV1 and SV20 
respectively. With a PFA of 0.1 however, multipath is detected 
on both channels. A PFA of 0.1 is not recommended because 
this results in several false detections. It appears however that 
for a very weak signal, only a high PFA achieves multipath 
detection for a STL. Depending on whether the number of 
visible satellites at a given time is enough to compute a 
navigation solution, a high PFA can be chosen in order to 
increase the chance of excluding all multipath affected 
satellites, and a lower PFA may be chosen to more likely 
exclude only the ones that are severely affected. Figures 25 to 
27 show scenarios of a moving vehicle in a semi-urban 
environment, and the test is set with PFA=10-1, PFA=10-3 and 
PFA=10-5. The C/N0 is high enough to get multipath detections with PFA=10-3 even with PFA=10-5 in some cases on channels 
4 and 7 which are tracking satellites SV22 and SV3 
respectively. 
 
Fig. 22.  Moving vehicle – foliage environment, STL, SV1, low C/N0, IF = 0 
MHz, fs = 26 MHz, Detector I. 
 Fig. 23.  Moving vehicle – foliage environment, STL, SV20, low C/N0, IF = 0 
MHz, fs = 26 MHz, Detector I. 
 Fig. 24.  Moving vehicle – foliage environment, STL, SV1, low C/N0, IF = 0 
MHz, fs = 26 MHz, Detector I. 
 
 
Fig. 25.  Moving vehicle – semi-urban environment, STL, SV22, high C/N0, 
IF = 9.548 MHz, fs = 38.192 MHz, Detector I. 
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 Fig. 26.  Moving vehicle – semi-urban environment, STL, SV3, high C/N0, IF 
= 9.548 MHz, fs = 38.192 MHz, Detector I. 
 Fig. 27.  Moving vehicle – semi-urban environment, STL, SV22, high C/N0, 
IF = 9.548 MHz, fs = 38.192 MHz, Detector I.  
 
Fig. 28.  Fixed point – urban environment, STL, SV6, high C/N0, IF = 1.25 
MHz, fs = 5 MHz, Detector I. 
 
Fig. 29.  Fixed point – urban environment, STL, SV26, high C/N0, IF = 1.25 
MHz, fs = 5 MHz, Detector I. 
 
Fig. 30.  Fixed point – urban environment, STL, SV6, high C/N0, IF = 1.25 
MHz, fs = 5 MHz, Detector I. 
 
Fig. 31.  Fixed point – urban environment, STL, SV26, high C/N0, IF = 1.25 
MHz, fs = 5 MHz, Lock Indicators 
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Figure 28 to 30 show the results of a fixed point in an urban 
environment. The processed signal has high C/N0. PFAs of 10-4 and 10-6 which are low enough to avoid false detections are 
used. Multipath is detected almost for the whole 13 seconds 
tracking duration on channels 1 and 3 tracking satellites SV6 
and SV26 respectively. Figure 31 illustrates the delay and 
phase lock indicators for the scenario of a fixed point in urban 
environment of Fig. 29. 
VI. CONCLUSION 
This paper has suggested two multipath detection 
techniques that are based on FFT. Application of the detection 
techniques to synthesized and real GPS signals on correlator 
outputs of the code and carrier tracking loops (STL or VTL) 
demonstrate their efficiency in detecting multipath 
contaminated tracking channels. The detectors are blind to 
multipath signals that arrive in phase or opposition of phase 
with the LOS signal for the STL case. It has been demonstrated 
that when the multipath signal arrives aligned with the LOS 
signal, i.e. in phase (relative phase of 0° + k360°) or opposition 
of phase (relative phase of 180° + k360°), the QEmL output remains blind to multipath presence. This means that for those 
multipath phase values, the QEmL signal power does not change according to the presence or absence of multipath and only the 
post correlation noise is observed on the QEmL arm. This results in missed detection if the multipath remains in phase or 
opposition of phase for the duration of the N-sample size 
window used to set the detection test.  This blindness to 
multipath that is in phase or opposition of phase with the LOS 
is however not observed in the VTL case. In VTL, when QEmL is blind to multipath IEmL is not and vice versa. As both IEmL and QEmL are used in the VTL detection metric, the detectors performance is not affected. These detectors can be utilized as 
tools to exclude multipath contaminated satellites from the 
calculation of the PVT solution and to switch between STL and 
VTL tracking modes depending on accuracy and availability 
needs for a receiver embedded with both tracking modes. Also, 
the tests can be applied with minor adjustments to other GNSS 
systems such as Galileo, GLONASS and Beidou. 
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